The latest research indicates that there are time-lag effects between the normalized difference vegetation index (NDVI) and the precipitation variation. It is well known that the time-lags are different from region to region, and there are time-lags for the NDVI itself correlated to the precipitation. In the arid and semi-arid grasslands, the annual NDVI has proved not only to be highly dependent on the precipitation of the concurrent year and previous years, but also the NDVI of previous years. This paper proposes a method using recurrent neural network (RNN) to capture both time-lags of the NDVI with respect to the NDVI itself, and of the NDVI with respect to precipitation. To quantitatively capture these time-lags, 16 years of the NDVI and precipitation data are used to construct the prediction model of the NDVI with respect to precipitation. This study focuses on the arid and semi-arid Hulunbuir grasslands dominated by perennials in northeast China. Using RNN, the time-lag effects are captured at a 1 year time-lag of precipitation and a 2 year time-lag of the NDVI. The successful capture of the time-lag effects provides significant value for the accurate prediction of vegetation variation for arid and semi-arid grasslands.
Introduction
The interannual variability of vegetation can be well-described by the remotely sensed normalized difference vegetation index (NDVI), which is derived from satellite optical-infrared remote sensing [1] [2] [3] [4] [5] [6] . In arid and semi-arid regions, the annual NDVI is highly sensitive to the interannual variability of precipitation [7] [8] [9] [10] . Recently, the annual NDVI has proved to be highly dependent on the precipitation of the concurrent year and the previous year [7, 8, 11] . The dependence of vegetation variation on precipitation is referred to as "time-lag effects" [8, 12] . These effects have been observed in different arid and semi-arid regions [12] .
In order to understand time-lag effects, the time-lags have to be investigated both qualitatively and quantitatively. It is a common understanding that the vegetation variation is correlated not only to the precipitation of the concurrent year and previous years, but also to the vegetation itself in previous years. It is desirable to have quantitatively investigated time-lags for the further understanding of time-lag effects.
Reviews on the time-lag effects of global vegetation variation responses to climate change have been reported qualitatively [12] . The time-lags between the NDVI and precipitation in arid to semi-arid regions have been reported quantitatively in the literature [7, 8] . Obviously, the time-lags vary in different regions [12] . It is also well known that there are time-lags for the NDVI itself correlated to the precipitation. Consequently, how to accurately capture time-lags of vegetation response with respect to both the vegetation itself and precipitation remains an open topic.
In the existing literature, researchers have investigated the relationship between the NDVI and precipitation using the multiple linear regression (MLR) technique [8, 13] , back propagation neural network (BPNN) and support vector machine (SVM) [14, 15] . These methods can effectively model linear and nonlinear data characteristics of the NDVI-precipitation relationship. However, influenced by time-lag effects, there are time-lags for the NDVI response to precipitation [12] . The NDVI-precipitation relationship is the result of dynamical interactions exerted over a wide range of the temporal scale [16, 17] . The methods used in the literature are considered as static and memoryless networks, and lack the ability to examine the temporal dimension of data and to capture the time-lag effects between the NDVI and precipitation [18] . Therefore, to accurately capture the time-lag effects, it is necessary to consider a dynamic method (i.e., dynamic neural network) that can be used to determine the temporal relationship between the NDVI and precipitation.
Recurrent neural network (RNN) is one of the effective dynamic neural networks characterized by internal self-connections. Both hidden and output layers of RNN have internal time-delay feedback loops which are fully connected. RNN provides a very elegant way of dealing with (time) sequential data that embody correlations between data points that are close in the sequence [19, 20] . RNN can accurately learn and represent the dynamic input-output relationship for time series prediction, and has been widely used in data classification, computational neuroscience and machine learning applications [19] [20] [21] . Recently, RNN has been used to capture temporal dependencies in multivariate time series to perform predictions [22] .
In this paper, RNN is introduced to capture the time-lag effects between the NDVI and precipitation. The RNN can accurately predict output behaviors by not only the current and past inputs but also the output behaviors in past periods [20, 21] . This study focuses on the arid and semi-arid Hulunbuir grasslands of northeast China (46 • 55 -50 • 50 N; 115 • 00 -120 • 29 E). The NDVI and the precipitation data from 2000 to 2015 are used to construct the prediction model of the NDVI with respect to precipitation, for the further understanding of time-lag effects. The proposed technique can successfully capture the time-lag effects between the NDVI and precipitation in the arid and semi-arid Hulunbuir grasslands of northeast China. The successful capture of the time-lag effects provides significant value for the accurate prediction of vegetation variation.
Materials and Methods

Study Region and Data
Study Region and Vegetation Structure
The study region (Hulunbuir grasslands, 46 • 55 -50 • 50 N and 115 • 00 -120 • 29 E) ( Figure 1 ), which includes the meadow steppe, typical steppe, and desert steppe from east to west, is characterized by arid and semi-arid conditions ( Figure 1 ). Located in the eastern section of the Inner Mongolia Autonomous Region of China, the area of the study region is about 8 × 10 4 km 2 with a mean elevation of 650-750 m and is covered mostly by natural vegetation. It has the typical temperate continental monsoon climate with an average annual temperature of −0.7 • C. The annual precipitation is 292.1 mm and the main part of the precipitation occurs from June to August [23] . The vegetation variation in the arid and semi-arid grasslands is more sensitive to precipitation than temperature in the grass-growing season [24] . The spatial vegetation variation has proved to be correlated to the amount of precipitation [25] . The mean annual precipitation (mm yr −1 ) increases from less than 235 mm yr −1 in the western parts to more than 330 mm yr −1 in the eastern parts of the study area. As shown in Figure 2 , the land cover data of the study area were extracted from the GlobCover 2009 provided by the European Space Agency (ESA) and Université Catholique de Louvain (http://due.esrin.esa.int/page_globcover.php). The study region is divided into four sub-regions, i.e., Xinba'erhuyouqi (A1), Xinba'erhuzuoqi (A2), Chen ba'erhuqi (A3) and Ewenkiqi (A4). A1 to A4 are covered by multiple land cover types, including grassland, forest, water bodies, bare areas and other types ( Table 1 ). As shown in Figure 2 , the land cover data of the study area were extracted from the GlobCover 2009 provided by the European Space Agency (ESA) and Université Catholique de Louvain (http: //due.esrin.esa.int/page_globcover.php). The study region is divided into four sub-regions, i.e., Xinba'erhuyouqi (A1), Xinba'erhuzuoqi (A2), Chen ba'erhuqi (A3) and Ewenkiqi (A4). A1 to A4 are covered by multiple land cover types, including grassland, forest, water bodies, bare areas and other types ( Table 1 ). As the typical steppe, located in the western part of the study region, A1 is dominated by Stipa krylovii Roshev, Leymus chinensis (Trin.) Tzvel, Allium polyrhizum Turcz. ex Regel and Cleistogenes squarrosa (Trin.) Keng. Located at the central part of the study region, A2 is the desert steppe and is dominated by Stipa grandis P. Smirn, Leymus chinensis (Trin.) Tzvel, Artemisia frigida Willd and Cleistogenes squarrosa (Trin.) Keng. The meadow steppe (A3 and A4), located in the eastern part of the study region, is dominated by Leymus chinensis (Trin.) Tzvel, Stipa Baicalensis Roshev and Stipa grandis P. Smirn [26] .
The NDVI and Precipitation Data Set
The monthly composite MODIS NDVI data set (MODIS/Terra, MOD09GA, Version 5) during the period of February 2000-December 2015 were obtained from the International Scientific and Technical Data Mirror Site, Computer Network Information Center, Chinese Academy of Sciences (http://www.gscloud.cn). These NDVI data were processed by the maximum value composite (MVC) to eliminate the effects of cloud cover, dust and aerosols from atmospheric conditions on the NDVI images. In this study region, the main part of the annual precipitation occurs in the growing season (from June to August). The annual NDVI has proved to be highly dependent on precipitation. Therefore, the annual NDVI in this study region can be represented by the mean monthly value of the NDVI in the growing season [23] . In addition, the monthly precipitation data of the four sub-regions were provided by the local meteorological service in A1-A4. Since the percentage of the annual precipitation (about 76.50%) is concentrated in the growing season from June to August, the mean monthly precipitation in the growing season can be represented by the mean values from June to August [23] . As the typical steppe, located in the western part of the study region, A1 is dominated by Stipa krylovii Roshev, Leymus chinensis (Trin.) Tzvel, Allium polyrhizum Turcz. ex Regel and Cleistogenes squarrosa (Trin.) Keng. Located at the central part of the study region, A2 is the desert steppe and is dominated by Stipa grandis P. Smirn, Leymus chinensis (Trin.) Tzvel, Artemisia frigida Willd and Cleistogenes squarrosa (Trin.) Keng. The meadow steppe (A3 and A4), located in the eastern part of the 
Methods
Artificial neural networks (ANNs) are robust computing systems for modeling complex relationships between sets of inputs and outputs [27] . Generally, the structure of ANNs consists of an input layer, one or more hidden layers and an output layer of the interconnected "neurons", which communicate with each other by exchanging messages. BPNN is one of the most popular ANNs, which is a typical feedforward neural network. Time-delay neural network (TDNN) is developed from the general feedforward neural network (i.e., BPNN) by adding a set of input time-delay units, which can be used to find the potentially temporal relationship among inputs [28] . RNN is further developed based on TDNN, which consists of not only the inputs with a set of time-delay units but also feedback from outputs with another set of time-delay units. In this paper, the RNN is used to model the time domain behaviors of the NDVI versus precipitation in order to predict the NDVI with given values of precipitation. In addition, to intuitively know the ability of RNN to represent the NDVI-precipitation relationship, we compare RNN with BPNN, TDNN and simple statistical techniques (i.e., MLR) [8, 13] .
BPNN
As one of the most popular ANNs, BPNN belongs to a typical feedforward neural network (Figure 2a ) [29, 30] . The data flow of BPNN is in one direction and the model output is obtained solely based on the current set of inputs [31, 32] . The training procedure of BPNN uses backward error propagation, which is an iterative gradient descent algorithm designed to minimize the mean squared error between network predicted outputs and training set values [33] . In this study, the training algorithm of BPNN is Levenberg-Marquardt, which is used to train BPNN based on the observed data (the observed NDVI) and the model output (the predicted NDVI). The activation functions in the hidden and output layers used in this study are sigmoid and linear types, respectively.
As shown in Figure 3a , P(t) and I N (t) represent the time series of precipitation and the NDVI. The observed precipitation and NDVI data from 2000 to 2015 in the four sub-regions are used to train the BPNN model. The data are divided into two sets, which are the training set (80%) and the testing set (20%). For sub-regions A1 and A2, a three-layer neural network of one hidden layer with three hidden neurons was found to be the optimal structure with the best accuracy for the NDVI prediction with respect to precipitation, and a three-layer neural network of one hidden layer with four hidden neurons was found to be the optimal structure for A3 and A4. To quantify the applicability, reliability and accuracy of the MLR, BPNN and RNN models, the mean absolute error (MAE), root mean square error (RMSE) and mean absolute percentage error (MAPE) are often used to measure the predictive performance of a model [14] . The MAE, RMSE and MAPE are defined as:
where n denotes the number of data sets; yi and di represent the observed and predicted NDVI in the growing season of the ith year.
Results and Discussion
Trained with the same data, the RNN used in this study is compared with MLR, BPNN and TDNN. Figure 4 shows the prediction results of the NDVI with given values of precipitation for the four comparative models (MLR, BPNN, TDNN and RNN) obtained for the four sub-regions (A1-A4). In Figure 4 , R 2 means the determination coefficient of assessing a possible linear association between the predicted NDVI and the observed NDVI. The R 2 values of the RNN were from 0.897 to 0.960, which is obviously higher than those of MLR, BPNN and TDNN, indicating that RNN has better fitness than the other three modeling methods. In addition, the error parameters of MLR, BPNN, TDNN and RNN for predicting the NDVI are shown in Figure 5 . It was found that RNN has the best performance among the four comparative models in predicting the NDVI with respect to precipitation in terms of MAE, RMSE and MAPE in the four sub-regions. The results indicate that the RNN model has better predicting accuracy (MAE) and stronger robustness (RMSE and MAPE) in the 
TDNN
As a dynamical ANN, TDNN is developed from a general feedforward neural network, such as BPNN, and commonly used for input-output modeling of nonlinear dynamical systems [28] . TDNN has an input time-delay unit, which can be used to store the events of inputs across time [31] . Figure 3b shows the detailed structure of the TDNN model for predicting the NDVI with respect to precipitation. The TDNN model for predicting the NDVI with respect to precipitation is defined as:
where P(t) represents the time series of the precipitation as the input of TDNN. I N (t) represents the time series of the NDVI as the output of TDNN. τ represents the value of time-delay; n t represents the total number of time-delays used in TDNN; f TDNN (•) represents the nonlinear mapping function for TDNN. The precipitation data and NDVI data from 2000 to 2015 in A1-A4 are divided into training data (80%) and testing data (20%) for training the four TDNN models, respectively. The optimal number of time-delays and the optimal number of neurons in the one hidden layer were determined to be one and six, respectively, for all of the TDNN models.
RNN
RNN has been demonstrated it has good memory ability using time-delay units. RNN can be easily and efficiently applied to time series prediction [34] . The architecture of the RNN model used in this study is shown in Figure 3c . RNN consists of input, hidden and output layers, and produces recurrent connections from the output which may delay several unit times to form new inputs using a time-delay unit (z −1 ) [20, 21, 35] . As shown in Figure 3c , RNN has a good memory capability using time-delay units to predict the output behaviors by not only the input in the current and the past periods, but also the output in the past periods. Therefore, the RNN for predicting NDVI with respect to precipitation is formulated as:
where P(t) and I N (t) represent the time series of precipitation and the NDVI as the input and output of the RNN model at discrete time step t, respectively; τ represents the value of the time-delay; n t and m t represent the total number of time-delays used in the input layer and output layer of the RNN model, respectively; f RNN (•) is the nonlinear mapping function for RNN. In this study, the NDVI prediction model is constructed by RNN. As shown in Figure 3c , P(t) and I N (t) are the input and output, respectively. The observed precipitation and NDVI data from 2000 to 2015 in the sub-regions are used to train the RNN. The data are randomly divided into two sets by time. The two sets are the training set (80%) and the testing set (20%), respectively. The three-layer neural network structure is used as the RNN structure. The number of hidden neurons of the RNN model is continuously increased until the minimum training and testing errors are obtained. After the suitable number of hidden neurons is determined, different combinations of different numbers of the input and output time-delays are tried to find the best combination. After training, a three-layer neural network structure with one hidden layer (seven hidden neurons), one input time-delay (P(t − 1) is considered an input) and two output time-delays (I N (t − 1), I N (t − 2) are considered as outputs) was found to be the optimal structure for the NDVI prediction with respect to precipitation in the four sub-regions.
To quantify the applicability, reliability and accuracy of the MLR, BPNN and RNN models, the mean absolute error (MAE), root mean square error (RMSE) and mean absolute percentage error (MAPE) are often used to measure the predictive performance of a model [14] . The MAE, RMSE and MAPE are defined as:
where n denotes the number of data sets; y i and d i represent the observed and predicted NDVI in the growing season of the ith year.
Results and Discussion
Trained with the same data, the RNN used in this study is compared with MLR, BPNN and TDNN. Figure 4 shows the prediction results of the NDVI with given values of precipitation for the four comparative models (MLR, BPNN, TDNN and RNN) obtained for the four sub-regions (A1-A4). In Figure 4 , R 2 means the determination coefficient of assessing a possible linear association between the predicted NDVI and the observed NDVI. The R 2 values of the RNN were from 0.897 to 0.960, which is obviously higher than those of MLR, BPNN and TDNN, indicating that RNN has better fitness than the other three modeling methods. In addition, the error parameters of MLR, BPNN, TDNN and RNN for predicting the NDVI are shown in Figure 5 . It was found that RNN has the best performance among the four comparative models in predicting the NDVI with respect to precipitation in terms of MAE, RMSE and MAPE in the four sub-regions. The results indicate that the RNN model has better predicting accuracy (MAE) and stronger robustness (RMSE and MAPE) in the NDVI predictions than MLR, BPNN and TDNN. From Figures 4 and 5 , we noticed that RNN performs better than the other three prediction models. This reveals that the responses of the NDVI to precipitation and the NDVI itself have certain time-lags, which can be successfully and accurately captured by RNN. The results of the NDVI prediction demonstrate that the optimal RNN model with one input time-delay (P(t-1) is considered an input) and two output time-delays (IN(t-1), IN(t-2) are considered as outputs) produces the best performance for predicting the NDVI for A1-A4. The time-delay unit in this study is 1 year. Since the input of RNN is precipitation, one input time-delay in RNN means 1 year time-lag of precipitation. Since the output of RNN is the NDVI, two output time-delays in RNN mean 2 year time-lags of the NDVI. Therefore, the 1 year time-lag of precipitation and the 2 year time-lags of the NDVI as the time-lag effects for the NDVI in the current year are successfully captured using RNN over the study region. In other words, the NDVI of the current year is closely related to the precipitation of the current year and 1 previous year, and the NDVI of 2 previous years. In the study region, the water availability during the early summer (i.e., May and June) of the previous year could control the germination response, which could in turn affect the vegetation growth (i.e., an increase or decrease in seed) a year later [8, 36, 37] . Therefore, the relation between the germination and production of seeds during the growing season in the previous year and the response of grasslands in the concurrent year can explain the time-lag effect of a 1 year time-lag of precipitation. From Figures 4 and 5 , we noticed that RNN performs better than the other three prediction models. This reveals that the responses of the NDVI to precipitation and the NDVI itself have certain time-lags, which can be successfully and accurately captured by RNN. The results of the NDVI prediction demonstrate that the optimal RNN model with one input time-delay (P(t − 1) is considered an input) and two output time-delays (I N (t − 1), I N (t − 2) are considered as outputs) produces the best performance for predicting the NDVI for A1-A4. The time-delay unit in this study is 1 year. Since the input of RNN is precipitation, one input time-delay in RNN means 1 year time-lag of precipitation. Since the output of RNN is the NDVI, two output time-delays in RNN mean 2 year time-lags of the NDVI. Therefore, the 1 year time-lag of precipitation and the 2 year time-lags of the NDVI as the time-lag effects for the NDVI in the current year are successfully captured using RNN over the study region. In other words, the NDVI of the current year is closely related to the precipitation of the current year and 1 previous year, and the NDVI of 2 previous years.
In the study region, the water availability during the early summer (i.e., May and June) of the previous year could control the germination response, which could in turn affect the vegetation growth (i.e., an increase or decrease in seed) a year later [8, 36, 37] . Therefore, the relation between the germination and production of seeds during the growing season in the previous year and the response of grasslands in the concurrent year can explain the time-lag effect of a 1 year time-lag of precipitation.
In addition, as described in Section 2.1, typical species in the study region include Leymus chinensis (Trin.) Tzvel, Stipa krylovii Roshev, Stipa grandis P. Smirn and Stipa krylovii Roshev, which are perennial species. Perennials live for many years. Perennials devote the first year to vegetative growth and building up the reserve of resources, and enter reproductive phase (i.e., seed production) in the second year [38] . Such an explanation would be consistent with the time-lag effect of the 2 year time-lag of the NDVI.
The performances of RNN slightly vary in different land cover types in the study areas (Figures 4  and 5 ). For instance, we noticed that RNN in sub-region A4 had the best performance among the four sub-regions. RNN in sub-region A2 performed better than A1 and A3. The performance of RNN in sub-region A1 was inferior to those in A2-A4. This indicates that the RNN model cannot successfully capture the time-lag effects between the annual NDVI and precipitation variation in the relatively arid regions of A1 and A3, in which the proportion of sparse (<15%) vegetation and bare areas are relatively high ( Table 1 ). The sparse vegetation and bare soil in these study areas mean low production of seeds, which can affect the accuracy of RNN in capturing the time-lag effects between the annual NDVI and precipitation variation. In contrast, the RNN model worked best in areas with relatively dense vegetation in arid and semi-arid grasslands.
The RNN model used in this study can achieve the best performance for predicting the NDVI among all the modeling techniques tested. Using RNN, the time-lag effects between the NDVI and precipitation can be successfully captured, showing that the NDVI can be well represented by certain time-lags of not only the precipitation but also the NDVI itself in the arid and semi-arid Hulunbuir grasslands of northeast China.
Conclusions
This paper has proposed the use of RNN to successfully capture the time-lag effects between the annual NDVI and precipitation. According to the results, RNN can produce much more accurate predictions of the NDVI than TDNN, BPNN and MLR. This reveals that RNN can successfully capture the time-lag effects between the NDVI and precipitation. The 1 year time-lag of precipitation and the 2 year time-lags of the NDVI were captured using RNN over the study region, and these time-lags were consistent with the ecological rules of arid and semi-arid grasslands. The successful capture of the time-lag effects provides significant value for the accurate prediction of vegetation variation in arid and semi-arid grasslands.
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